Stress granules are mRNA-protein granules that form when translation initiation is limited, and they are related to pathological granules in various neurodegenerative diseases. Super-resolution microscopy reveals stable substructures, referred to as cores, within stress granules that can be purified. Proteomic analysis of stress granule cores reveals a dense network of protein-protein interactions and links between stress granules and human diseases and identifies ATP-dependent helicases and protein remodelers as conserved stress granule components. ATP is required for stress granule assembly and dynamics. Moreover, multiple ATP-driven machines affect stress granules differently, with the CCT complex inhibiting stress granule assembly, while the MCM and RVB complexes promote stress granule persistence. Our observations suggest that stress granules contain a stable core structure surrounded by a dynamic shell with assembly, disassembly, and transitions between the core and shell modulated by numerous protein and RNA remodeling complexes.
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In Brief
Although current models describe stress granules as liquid-like assemblies, superresolution microscopy reveals that granules contain stable core substructures surrounded by a phaseseparated shell.
INTRODUCTION
Eukaryotic cells contain non-membrane-bound organelles consisting of mRNA and protein and referred to as mRNP granules. mRNP granules can affect mRNA function and localization (Buchan, 2014) . Stress granules are mRNP granules that form when translation initiation is limiting (Buchan and Parker, 2009 ). Stress granules, or related assemblies, have been proposed to play a role in neurodegenerative diseases, since mutations that cause disease can increase stress granule formation or persistence Ramaswami et al., 2013) . However, the composition and physical properties of stress granules are largely unknown.
Several observations suggest that intrinsically disordered regions (IDRs) on RNA-binding proteins play a role in stress granule assembly. First, IDRs of TIA and FUS have been shown to affect targeting of TIA and FUS to stress granules (Gilks et al., 2004; Kato et al., 2012) . Second, the assembly of yeast P bodies is promoted by IDRs on several proteins (Decker et al., 2007; Reijns et al., 2008) . Since IDRs can also be predicted to have a high probability of forming b-amyloid fibers and such domains on RNA-binding proteins self-assemble into fibers in vitro (Eisenberg and Jucker, 2012; Guo et al., 2011; Kato et al., 2012) , this has led to a model whereby stress granule assembly is driven by homo-and/or heterotypic interactions between IDRs and/or prion-related domains on RNAbinding proteins (Buchan, 2014) .
One hypothesis is that RNP granules are liquid-liquid phase separations, in which high concentrations of assembly components reach a critical threshold and then spontaneously assemble into RNP granules through weak multivalent interactions (Brangwynne et al., 2011; Weber and Brangwynne, 2012) . This is suggested by RNP granules being dynamic by fluorescence recovery after photobleaching (FRAP; reviewed in Buchan and Parker, [2009] ), which is explained in the phase separation model by intrinsic weak interactions and surface exchange. In addition, RNP granules are observed to display liquid-like behavior of fission and fusion, and they flow like liquids under mechanical pressure (Brangwynne et al., 2009; Weber and Brangwynne, 2012) . Moreover, at high concentrations, IDRs on RNA-binding proteins can promote phase separations in vitro (Elbaum-Garfinkle et al., 2015; Nott et al., 2015; Lin et al., 2015; Molliex et al., 2015) .
We provide evidence that stress granules contain a dynamic shell-like structure surrounding stable cores. Mass spectroscopy of purified yeast and mammalian stress granule cores identified new components of stress granules, including numerous ATP-dependent helicases and protein remodelers. ATP is required for stress granule assembly and dynamics with the chaperonin-containing T complex (CCT complex), a well-known protein chaperone complex (Leitner et al., 2012) inhibiting stress granule assembly, while the mini-chromosome maintenance (MCM) and RuvB-like (RVB) helicase complexes, which are known to remodel DNA and/or RNA-protein complexes (Labib et al., 2000; Shen et al., 2000; Shin and Kelman, 2006) , promote stress granule persistence. Our observations suggest that stress granules contain a stable core structure and a more dynamic shell with assembly, disassembly, and transitions between the core and shell modulated by numerous protein and RNA remodeling complexes. Perturbation of specific steps in these stress granule dynamics could lead to aberrant granules and thereby contribute to degenerative disease.
RESULTS

Stress Granules Are Stable Ex Vivo
One model for mRNP granule assembly is that they represent liquid-liquid phase separation events where multiple weak interactions between components lead to a spontaneous liquid-liquid phase separation event when the components are at a high enough concentration (Brangwynne et al., 2009; Elbaum-Garfinkle et al., 2015; Weber and Brangwynne, 2012) . If stress granules were such phase separations, they would be expected to disassemble when present in dilute lysates. Thus, we prepared lysates from stressed and unstressed yeast cells carrying Pab1-GFP (a stress granule marker; Buchan et al., 2008) and examined the lysates microscopically for stress granules.
We observed that, when yeast cells were treated with sodium azide (NaN 3 , which induces stress granules; Buchan et al., 2011) prior to lysis, GFP-positive granules were observed in the lysate. GFP granules were absent without stress ( Figure 1A ). Induction of stress granules with vanillin (Iwaki et al., 2013 ) also produced GFP granules in lysates.
Four observations argue that the granules observed in yeast cell lysates are related to stress granules. First, in lysates, Pab1-GFP foci co-localize with other mCherry-tagged stress granule markers (Ded1 and Pbp1; Figure S1A ). Second, these foci stain with an Alexa647-labeled oligo(dT) probe, indicating that they contain poly(A+) RNA ( Figure S1A ). The presence of RNA in these granules is also supported by the observation of poly(A+) RNA in ''stress granule core enriched fractions'' ( Figure S4A ), as detected by northern blot analysis using an oligo(dT) probe ( Figure S1B ) and by staining Pab1-GFP foci with RNA-specific dyes in lysates (data not shown). Third, inhibiting stress granule assembly in vivo by the addition of cycloheximide (CYH) during stress leads to a large decrease in the number of GFP granules observed in lysates ( Figure 1A) . Fourth, the GFPtagged Ded1D141-150 protein, which causes constitutive stress granules (Hilliker et al., 2011) , was in granules in lysates even in the absence of stress, while wild-type Ded1-GFP was not ( Figure S1C ).
We also observed stable assemblies in lysates from human osteosarcoma U-2 OS mammalian cells expressing a GFP-G3BP fusion (Ohn et al., 2008) (Figure 1B) . Evidence that these GFP-G3BP foci are related to stress granules is: (1) they co-localize with known stress granule proteins by antibody staining (PABP1; Figure S1D), (2) they are only present after stress ( Figure 1B) , (3) their induction is inhibited by addition of CYH ( Figure 1B) , and (4) they contain poly(A+) RNA, as detected by hybridization with Alexa647-labeled oligo(dT) ( Figure S1D ). Foci of GFP-G3BP are also observed in lysates after heat shock ( Figure 1B) , which induces mammalian stress granules (Buchan et al., 2013) . Thus, at least a core structure of stress granules from yeast and mammalian cells is stable in lysates.
The GFP-G3BP foci in mammalian lysates were smaller than stress granules in cells (Figure 2A ), suggesting that the stable GFP-G3BP foci observed in lysates might represent a stable ''core structure'' containing G3BP. Examination of stress granules at higher magnification (Figure 2A ) or using super-resolution microscopy (stochastic optical reconstruction microscopy [STORM] or structured illumination microscopy [SIM] ) reveals that G3BP is non-uniform in stress granules with clusters of higher concentration ( Figures 2B, S2B , and S2C). Similar clusters of higher concentration are also observed in STORM analysis of poly(A+) RNA, as detected by oligo(dT) hybridization ( Figure 2B ). Non-uniform distribution of PABP1 was also observed in stress granules by SIM ( Figure S2B ). We refer to these sites of high concentration of RNA or of proteins in stress granules as ''cores'' and the surrounding less concentrated material as the ''shell.' ' We refined the analysis of stress granule substructure by 3D STORM analysis of G3BP and poly(A+) RNA using the doublehelix point spread function (DHPSF) technique, which enables high-precision 3D localization over an extended depth range (Pavani and Piestun, 2008; Pavani et al., 2009) (Figures 2C  and 2D ; Movie S1). 3D STORM analysis of G3BP and poly(A+) RNA in vivo (at a resolution of $30 nm) revealed cores that had an average diameter of 190.8 ± 28.3 nm for G3BP and 175.3 ± 24.0 nm for poly(A+) RNA. Since this size is much larger than individual RNPs ($30 nm diameter for ribosome), it suggests that each core could contain several mRNPs. The number of cores is linearly correlated with stress granule volume (average of 4.7 cores/mm 3 granule volume, r 2 = 0.90), demonstrating the consistent nature of these substructures. Based on the density of signal, G3BP and poly(A+) RNA are $133 more concentrated in the shell than the surrounding cytosol. In the core substructure, G3BP and poly(A+) are $30-403 more concentrated than the surrounding shell ( Figure S2A ). We determined how the sizes of the GFP-G3BP foci in lysates compare to the core structures seen in STORM images. Examination of the size of the GFP-G3BP foci in U-2 OS cell extracts on a Nanosight Nanoparticle Tracking Analysis system (Fig- Figure S2 and Movie S1.
ure S2E) revealed a median size distribution of 233.1 ± 18.6 nm (n = 5 runs). This is similar to the size of the core structures observed in STORM images (190.8 ± 28. 3) ( Figure S2F ). Moreover, if the GFP-tagged protein only occupies part of the core structure, the apparent volume occupied by GFP, as measured by microscopy will be smaller than the hydrodynamic volume measured by particle tracking. This suggests that the core structures from mammalian cells are stable in extracts, while the more diffuse shell disassembles under dilute conditions. Yeast stress granules were measured to be 208.9 ± 56.9 nm in size (median size, n = 8 runs), as assessed by the Nanosight (Figure S2E ), and 179.5 ± 28.9 nm, as assessed by SIM analysis in cells (Figures S2F and S2G) . This suggests that yeast stress granules may be dominated by the core structure, while the larger mammalian stress granules contain multiple cores encased in a larger more unstable shell (see Discussion).
Both yeast and mammalian stress granule cores are stable in vitro (yeast granules at 30 C and mammalian granules at 37 C) for at least an hour ( Figure S3A ). In lysates, they are also resistant to 1 M NaCl, 50 mM EDTA, or 2 M urea (Figures S3B and S3C; data not shown), arguing that they are not assembled solely by electrostatic interactions. Disrupting weak hydrophobic interactions by the addition of 1,6 hexanediol is also not sufficient to disassemble cores in vitro ( Figure S3D ) (Patel et al., 2007; Ribbeck and Gö rlich, 2002) . However, the addition of both 1 M NaCl and 1,6 hexanediol did reduce the number of mammalian cores observed in vitro ( Figure S3D ), arguing that their stability is due to a combination of both electrostatic and hydrophobic interactions. Both mammalian and yeast stress granule cores are largely resistant to RNase treatment in lysates ( Figure S3E ), suggesting that, once formed, protein-protein interactions play a role in maintaining their integrity (see below). Both yeast and mammalian cores are unstable in 2% SDS (Figure S3F) , suggesting that highly stable b-zipper interactions between prion domains are not the basis of core stability.
Mass Spectrometric Analysis of Yeast Stress Granule Cores
To identify proteins within stress granule cores, we first enriched preparations for cores by successive differential centrifugation followed by affinity purification ( Figures S4A and S4B ).
For purification of yeast stress granule cores, rabbit IgG-conjugated epoxy Dynabeads were used to pull down cores from cells also expressing Pab1-GFP via a C-terminal TAP tag on eIF4G1, a component of yeast stress granules (Brengues and Parker, 2007) . Mass spectrometry identified 228 possible core proteins, as assessed by R2-fold more peptides as compared to a pull-down from an unstressed control and absence from an untagged control (Figures 3A and S4A ; Table S1 ). This list Figure S4 and Tables S1, S2, and S3.
of proteins was enriched for known stress granule components (e.g., Pab1, Ded1, and 40S ribosomal proteins [p = 1.34 3 10 À13 ]). Validation using GFP-tagged versions of 156 of the enriched proteins revealed that some showed biased localization in stress granules during stress. Fifty-nine proteins formed foci overlapping to some extent with Ded1-mCherry. Statistical analysis allowed us to rigorously conclude that at least 39 of these 59 proteins overlap with Ded1 and are thus stress granule proteins ( Figure 3A ; Supplemental Experimental Procedures). These include several novel stress granule components, such as Rpb2, Tys1, and Gus1 (Figures 4A and S5A; Table S1 ). Seventy-six proteins did not show enrichment in foci during stress. Some of these proteins could localize to stress granules but could not be sufficiently enriched over the cytoplasm to form foci that are significantly brighter than the signal due to proteins distributed in the bulk cytosol. To test this possibility, we examined two such proteins (Mcm2 and Mcm4) to see whether they concentrated in granules in lysates in which the concentration outside of granules is diluted, allowing greater sensitivity. Even though Mcm2-GFP and Mcm4-GFP were not enriched above the cytoplasmic distribution at Ded1-mCherry foci in cells (data not shown), we observed that they were clearly present in Ded1-mCherry foci in lysates ( Figure S4D ), demonstrating that there are components of stress granules that are not enriched above the bulk cytosol but are still present in these assemblies. Moreover, mixing of two cell extracts with different tagged components of stress granules did not show re-assortment in lysates ( Figure S4E ), arguing that the composition of these assemblies is largely maintained in cell extracts.
To the list of proteins identified and validated in stress granules, we added proteins known to be in stress granules, but not enriched in our mass spectrometric analysis, to create an initial list of yeast stress granule proteins (Table S1 ). Most known stress granule proteins not identified in our mass spectrometric analysis are translation factors (e.g., eIF4E and eIF3), which would not be enriched since they coimmunoprecipitate with eIF4G1 even in the absence of stress granule formation. We confirmed by microscopy that some of these proteins are observed in stress granule cores in lysates ( Figure S4F ). We also created an additional extended stress granule proteome by including ''provisional stress granule components'' (proteins we could not validate due to the absence of detectable GFP signal in cells and proteins observed to localize in granules in vitro; Table S1 ). Figure S5 and Tables S1 and S2.
Mammalian Stress Granule Cores
We purified mammalian stress granule cores from sodium-arsenite (NaAsO 2 )-stressed U-2 OS cells using a series of differential centrifugations and then affinity purification of GFP-G3BP (Figures 3B, S4B, and S4C). As granules observed in lysates might only be stable cores of granules and may no longer contain some granule components post lysis ( Figures  2A and S2 ), mass spectrometry was performed on granules prepared from both formaldehyde cross-linked cells and non-cross-linked cells. The former approach is likely to capture weak protein-protein interactions that might be lost during purification without crosslinking. Mass spectrometry analysis identified 317 proteins from cross-linked cells and 139 proteins from non-cross-linked cells as having R2-fold spectral counts over immunoprecipitation from unstressed cells ( Figure 3B) . A similar set of proteins was identified from both cross-linked and non-cross-linked cells (p value of overlap between the two lists < 10 À99 ), with the vast majority of proteins seen in the cross-linked sample also detected in the non-cross-linked experiment but with insufficient peptides to make our statistical cut-offs. As cross-linked stress granule preps are likely to more fully represent the stress granule proteome, this list was used for all subsequent analyses. This list of proteins is significantly enriched for previously identified stress granule proteins (p = 7.30 3 10 À61 ).
To validate the localization of proteins identified by mass spectroscopy in mammalian stress granules, we used immunofluorescence (IF) in NaAsO 2 stressed cells to observe the in vivo localization of 15 proteins not previously known to localize to granules. We observed that 9 out of these 15 proteins overlapped with G3BP granules under stress and are new stress granule components ( Figures 3B, 4B , and S5B; Table S2 ). One protein (RALY) was observed to be in P bodies. P bodies are known to physically associate with stress granules in vivo (Kedersha et al., 2005) , which could explain the identification of this protein in pull-downs from cross-linked cells. Similar to some yeast granule components, a subset of the remaining four proteins might localize to stress granules but might not be sufficiently enriched over the cytoplasm to show foci by IF in vivo. Consistent with this possibility, MCM2, which did not show enrichment in stress granules in cells by IF, was observed to localize to cores in lysates ( Figure S4G ). Based on this validation, we suggest that a large fraction of proteins identified by mass spectrometry are stress granule components. By adding known stress granule components not identified by mass spectrometry to this list, we created the first stress granule proteome for a mammalian cell (Table S2 ).
Properties of the Stress Granule Proteome
Analysis of the yeast and mammalian stress granule proteomes reveals a significant overlap between their compositions ( Figure 2C ; Table S3 ; p = 2.10 3 10
À99
). Both yeast and mammalian stress granules are enriched in translation factors (yeast corrected p = 7.37 3 10 À24 ; mammalian corrected p = 3.88 3
10
À76
) and RNA-binding proteins (yeast corrected p = 6.95 3 10 À8 ; mammalian corrected p = 8.84 3 10 À31 ; Figure 4C ). This list is also enriched for proteins with predicted prion-like domains (PrLDs; yeast p = 1.81 3 10 À18 ; mammalian p = 9.61 3 10 À13 ).
Proteins with mRNA-binding activity and proteins with predicted The Stress Granule Proteome Forms a Dense Network of Protein-Protein Interactions Both yeast and mammalian stress granule proteomes form a dense network of protein-protein interactions ( Figure 4D ). On average, each mammalian and yeast stress granule protein physically interacts with 8.32 and 4.25 other stress granule proteins, respectively, which is higher than expected by chance (p = 5.77 3 10 À54 and p < 10 À100 ). These observations suggest that multiple and specific protein-protein interactions function in stress granule assembly. A similar bioinformatics analysis of previously known yeast P body proteins revealed that, in contrast to stress granules, a majority of P body proteins have mRNA-binding activity ($73%), which suggests that mRNA-protein interactions may contribute more to P body structure than stress granule structure (Table  S1 ). However, like stress granule proteins, P body proteins also displayed a high degree of interconnectivity (on average, each P body protein interacts with 7.65 other P body proteins; data not shown). Interestingly, in a force-directed layout of a network consisting of both yeast P body and stress granule proteins, P body and stress granule proteins were segregated ( Figure S5C ). Also, proteins that localize to both granules (such as Dhh1 and Scd6) appeared at the interface of these two populations (Buchan and Parker, 2009 ). This predicted docking/overlap is consistent with the frequent overlap and/or docking of stress granules with P bodies seen in yeast (Buchan et al., 2008) (Figure S5C ).
Connections of Mammalian Stress Granules to Human Disease
The mammalian stress granule proteome reveals new connections between stress granules and disease. Numerous known stress granule proteins associated with amyotrophic lateral sclerosis (ALS) or frontal temporal lobar dementia (FTLD) Ramaswami et al., 2013) are detected in our preparations ( Figure S5D ; Table S2 ). In addition, we identify new stress granule components DPYSL3, DCTN1, and TUBA4A, which have been suggested to modify ALS susceptibility (Blasco et al., 2013; Mü nch et al., 2004; Smith et al., 2014) .
We identify 75 stress granule components linked to 153 Mendelian diseases (Table S2 ) with enrichments in three broad disease categories: neurological (e.g., motor neuron disease, p = 10 À8 ), muscular (e.g., myopathy, p = 10 À5 ), and cardiovascular (e.g., cardiomyopathy, p = 10 À6 ) ( Figure S5D ). Several newly identified stress granule proteins, when mutated, cause Charcot-Marie-Tooth neuropathy (CMT), the most common hereditary neuromuscular disease. For example, dominant mutations in the tyrosyl-tRNA synthetase (YARS) and the chaperone HSPB1 both cause CMT (Evgrafov et al., 2004; Jordanova et al., 2006) and are localized to stress granules in yeast and mammalian cells (Figures 4A and 4B ; Table S3 ). Intriguingly, mutations in YARS and HSPB1 both cause adult-onset CMT with a predominant motor neuropathy and motor neuron involvement (Rossor et al., 2012) , suggesting that aberrant stress granule formation may be a broader theme in central and peripheral nervous system diseases.
New Conserved Components of Stress Granules
Comparison of the yeast and mammalian stress granule proteomes identified new conserved members of stress granules (Table S3 ). For example, tRNA synthetases are found in stress granules in both yeast and mammals (Figures 4A and 4B; Table  S3 ), consistent with tRNA synthetases binding and regulating mRNAs (Castello et al., 2012; Frugier and Giegé , 2003; Mitchell et al., 2013) . Ribosome biogenesis factors are conserved components of stress granules (NOP58, FTSJ3, NOP2, and FBL in mammalian cells; Kap123, Rio2, Fap7, and Cam1 in yeast), which might reflect a role for stress granule formation in the downregulation of ribosome biogenesis during stress (Tsang and Zheng, 2007) . Finally, a number of ATP-dependent protein and nucleic acid remodeling complexes, including protein chaperones (e.g., Hsp70/Hsp40 and CCT complex) and multiple RNA and DNA helicases (e.g., DEAD-box proteins, MCM, and RVB helicases), are found in yeast and mammalian stress granules ( Figures 3C, S4D , S4G, S5A, S7G, and S7H; Tables S1 and S2).
Granule Assembly and Dynamicity Require ATP
The presence of numerous ATPases in stress granule cores suggested that stress granules might be modulated by the activity of these ATPases. Thus, we examined the contribution of ATP to stress granule assembly and dynamics by adding 2-deoxyglucose (2DG) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) to block the glycolytic pathway and oxidative phosphorylation, respectively, thereby depleting ATP. These treatments led to a reduction in cellular ATP levels within 5 min, as assessed by a GFP-based ATP sensor ( Figure S6A ) (Berg et al., 2009 ). We observed that ATP is required for stress granule formation since the addition of 2DG and CCCP at the same time or 10 min after NaAsO 2 completely blocked stress granule assembly (Figure 5A ). Small granules were observed when ATP production was blocked 20 min after the addition of NaAsO 2 , even though stress granules had not begun to form in cells where ATP was not depleted ( Figure S6B ). Beyond 30 min of treatment with NaAsO 2 , the addition of CCCP and 2DG made little difference to granule formation ( Figures 5A and S6B ). This indicates that ATP-dependent events are required for stress granule formation, which could include movement of mRNPs to sites of stress granule formation by motors (Loschi et al., 2009) or remodeling of mRNPs to load critical components, promoting stress granule assembly on untranslating mRNAs.
Two observations indicate that ATP affects the dynamics of stress granules post-assembly. First, granules in cells treated with NaAsO 2 for 60 min were observed to move and fuse in the (B) Granules shown prior to, at 0 s after, and at 145 s after photobleaching. Cells were treated for 60 min with either NaAsO 2 or NaAsO 2 with 2DG, and CCCP was added 30 min after the addition of NaAsO 2 . Graph shows recovery curves as an average of 15 granules ± SD. Scale bars, 2 mm. Bar graph shows average total percentage recovery from 15 granules ± SD. ***p < 0.0001. See also Figure S6 and Movies S2 and S3. cytoplasm (Movie S2), while granules in ATP-depleted cells were static and showed no fusion events (Movie S3). Second, FRAP analysis revealed that stress granules in cells treated with 2DG and CCCP showed reduced total recovery of GFP-G3BP signal and increased t 1/2 of recovery (t 1/ 2 = 37.5 s) as compared to cells with normal levels of ATP (t 1/2 = 22.5 s; p < 0.0001) ( Figure 5B ). Thus, ATP is required to fully maintain the exchangeable pool of G3BP in stress granules and to allow for liquid-like behavior of these assemblies.
CCT, MCM, and RVB ATPase Complexes Modulate Stress Granule Assembly/Disassembly
The modulation of stress granule assembly and dynamics by ATP argues that cellular ATPases affect stress granules. We determined the roles of some of the new conserved stress granule ATPases by examining stress granule formation (following 30 min of NaN 3 treatment) and disassembly (after washing out the NaN 3 ) in yeast strains with temperature-sensitive or hypomorphic alleles in the CCT, MCM, and RVB complexes.
Strains with the temperature-sensitive cct4-1 allele formed larger and more stress granules when stressed, as compared to isogenic wild-type controls at the non-permissive temperature ( Figure 6A ). This phenotype is more evident after shorter treatments with NaN 3 (10 min, 20 min) or under conditions of milder stress such as 1 M KCl. Hypomorphic alleles in the ATPase active sites of the CCT subunits (D-to-E mutations in CCT2, CCT3, CCT5, CCT6, CCT7, and CCT8) also led to the formation of increased numbers of stress granules ( Figures S7A and S7B) . However, granule disassembly after washing out NaN 3 remained unaffected in cct4-1 cells ( Figure 6B ) and in cells with the hypomorphic alleles (data not shown), as compared to wild-type cells. These observations argue that the CCT complex inhibits the assembly of stress granules.
In contrast, yeast strains with temperature-sensitive alleles in the MCM (mcm2-1) or RVB (rvb2-1) complexes formed a similar number of granules as wild-type cells at the non-permissive temperature during stress ( Figures 6C, 6D , and S7C). However, granules in the mcm2-1 and rvb2-1 cells disassembled faster than in wild-type controls upon recovery from stress ( Figures  6C and 6D ). siRNA knockdown of MCM and RVB components in U-2 OS cells also led to a faster loss of stress granules during recovery ( Figures S7D, S7E , and S7F). These effects on granule dynamics are likely to be direct since we confirmed their localization to both yeast and mammalian stress granules ( Figures S4D,  S4G , S7G, and S7H). The MCM and RVB complexes are generally thought to act on DNA to remodel chromatin for both DNA synthesis and transcription (Labib et al., 2000; Shen et al., 2000) . However, a role for these complexes in modulating RNP granules is rational since the MCM complex can bind RNA in vitro (Shin and Kelman, 2006) , RUVBL2 (one of the two components of the human RVB complex) cross-links to mRNA in vivo See also Figure S7 . (Castello et al., 2012) , and the RVB complex has been suggested to modulate snoRNP assembly (Kakihara and Houry, 2012) . Given that the MCM and RVB complexes are suggested to serve as remodelers of protein-nucleic acid complexes, they may limit stress granule disassembly by either promoting a late step in granule assembly, leading to more stable granules, or by inhibiting granule disassembly.
DISCUSSION Stress Granules Contain Core Structures
Several observations suggest that stress granules contain stable cores and a dynamic shell. First, super-resolution microscopy of mammalian stress granules reveals regions of higher concentrations of G3BP, PABP1, or poly(A+) RNA, which are approximately 200 nm diameter within stress granules. These cores are surrounded by the bulk of the stress granule wherein components are at lower concentrations ( Figure S2A ). Second, stress granules typically contain both mobile and immobile fractions as assessed by FRAP ( Figure 5B ), revealing that proteins within these granules can be in two distinct states. Third, a substructure of stress granules is stable in lysates (Figures 2 and S2) , and this substructure is of similar size (as assessed by nanoparticle tracking analysis) as the cores observed in super-resolution microscopy. An attractive hypothesis is that the cores within stress granules are relatively stable, while the shell of mammalian stress granules is highly dynamic. Since yeast stress granules are of similar size in cells and in lysates, yeast stress granules may have proportionally smaller dynamic shells than mammalian stress granules. The presence of stable cores in stress granules argues that these assemblies are not solely liquid-liquid phase separations, which is consistent with their limited circularity when examined at higher resolution (Figures S2C and S2D ).
Three observations suggest that the liquid-liquid phase separation aspect of a stress granule is limited to the ''shell'' surrounding the stable core structures. First, several IDRs on RNA-binding proteins can promote liquid-liquid phase separations in vitro (Elbaum-Garfinkle et al., 2015; Nott et al., 2015; Lin et al., 2015; Molliex et al., 2015) , indicating a propensity of these domains to promote this separation. Second, even when cells are depleted of ATP, we still observe that a fraction of GFP-G3BP is rapidly exchanging, which is consistent with surface exchange from a phase separation based on dynamic weak interactions, although we cannot formally rule out that some exchange is due to residual ATP. Third, a phase-separated shell would be expected to disassemble in lysates, thereby providing a biochemical explanation for the smaller size of stress-dependent structures in lysates. Finally, the fact that yeast stress granules, which we suggest are primarily stable cores, are less sensitive than mammalian stress granules to 1,6 hexanediol in cells (Kroschwald et al., 2015) is consistent with hexanediol disrupting weak interactions that allow liquidliquid phase separations, but not disrupting stable core structures ( Figure S3D ). Stable cores within granules surrounded by a dynamic shell may be a common feature of RNP granules since the nucleolus is suggested to consist of both a liquid-liquid phase-separated shell and a stable fibrillarin core (Brangwynne et al., 2011) .
The formation of stable cores within stress granules could be important for assembling mRNPs into a more stable structure allowing tighter control of mRNP localization. In addition, cores might be comprised of related mRNPs and thereby allow their coordinate regulation, analogous to the clustering of co-regulated genes in the nucleus (Rinn and Guttman, 2014) . This type of organization may explain the clustering of specific mRNAs seen in Drosophila maternal mRNP granules (Trcek et al., 2015) .
A striking feature of the stress granule proteomes is that the components of granules constitute a dense network of interacting proteins, which has two important corollaries. First, the dense set of protein-protein interactions could form the basis of a redundant set of interactions that drive stress granule or core assembly. This is supported by genetic analyses in yeast, which have failed to identify any single gene that is essential for stress granule formation (Buchan et al., 2008; Yang et al., 2014; Yoon et al., 2010) . This interaction network argues that some proteins will be recruited to stress granules independent of binding RNA, which is consistent with the observation that roughly half of the proteins in the yeast or mammalian stress granule proteomes are not known to bind RNA (Castello et al., 2012; Mitchell et al., 2013) (Figure 4C ; Tables S1 and S2).
Several observations indicate that stress granules are modulated by a variety of ATP-driven remodeling complexes. First, we identified a number of energy-driven protein/nucleic acid chaperones or remodeling complexes as stress granule components ( Figure 3C ). Second, stress granule assembly was dependent on ATP ( Figure 5A) , and once assembled, stress granules required ATP for movement and fusion (Movies S2 and S3). Third, when ATP is depleted, a greater pool of G3BP in stress granules becomes immobile ( Figure 5B ). Since many stress granule components have both mobile and immobile pools (reviewed in Buchan and Parker, 2009) , we suggest that stress granules consist of both a stable core and a more dynamic pool of molecules that rapidly exchange with the surrounding cytosol. Moreover, a predominant role of ATP would be to maintain a higher percentage of the proteins in the dynamic pool. This role of ATP might counterbalance the propensity of IDRs on granule components to form stable amyloid fibers when present at high concentrations (Kato et al., 2012; Lin et al., 2015; Molliex et al., 2015) .
Additional evidence that stress granules are modulated by remodelers comes from genetic experiments. Since strains defective in the CCT complex form more stress granules, while granule clearance during recovery is unaffected ( Figures 6A  and 6B ), we suggest that the CCT complex plays a role in inhibiting granule assembly, perhaps by limiting interactions between polyQ domains on stress granule components (Tam et al., 2006) . In contrast, defects in MCM or RVB complexes lead to normal numbers of stress granules but faster disassembly during stress recovery ( Figures 6C, 6D , S7E, and S7F). One possibility is that MCM and RVB complexes normally inhibit granule disassembly by the removal of stress granule disassembly factors. A second possible model is that MCM and RVB complexes could utilize ATP to remodel granule mRNPs to facilitate the binding of proteins required for stable stress granule assembly. Thus, the absence of MCM/RVB ATPase activity would lead to the assembly of a granule with fewer interactions, which could disassemble faster than normal granules. In either case, these results highlight that ATP-dependent remodeling complexes can both promote and inhibit stress granule persistence.
Other ATPases also affect stress granule dynamics. For example, defects in the AAA ATPase Cdc48/VCP lead to persistence of stress granules during recovery and inhibit autophagy of stress granules (Buchan et al., 2013) . Specific mutations in the RNA helicase Ded1 can also trap mRNAs in yeast stress granules, and ATP hydrolysis appears to be required for stress granule release of mRNAs into translation (Hilliker et al., 2011) . Finally, defects in Hsp70/Hsp40 complexes can lead to persistence of yeast stress granules during recovery (Walters et al., 2015) . This diversity of ATPases affecting stress granules suggests that they will work on different stress granule components and/or may differentially affect shell or core assembly. Interestingly, defects in the yeast Hsp40 protein Ydj1 appear to primarily affect stress granule disassembly to promote translation, while defects in the Hsp40 protein Sis1 preferentially affect autophagy of stress granules (Walters et al., 2015) . This implies that stress granules will not be uniform assemblies but that the action of different remodeling complexes will create a variety of states, with potentially different biological outcomes.
Based on the observations herein and the literature, a working model for stress granule formation and dynamics can be developed with the following key points (Figure 7) . First, following inhibition of translation initiation and ribosome run-off, the pool of untranslating mRNPs bound by a variety of mRNA-binding proteins with IDRs increases. The increased concentration of such IDRs on individual, oligomerized, or subcellular concentrations of mRNPs could then lead to a liquid-liquid phase separation (Elbaum-Garfinkle et al., 2015; Nott et al., 2015; Lin et al., 2015; Molliex et al., 2015) . Since the higher concentration of proteins within phase separations can promote protein-protein interactions in vitro (Lin et al., 2015; Molliex et al., 2015) , one possibility is that the higher concentration of mRNPs within an initial stress granule shell promotes both traditional protein-protein interactions as well as potential fiber formation by IDRs, thereby leading to the formation of stable cores. However, it remains possible that mRNPs first oligomerize into stable cores followed by the assembly of a shell around these cores, which merge into larger microscopically visible stress granules. Protein chaperones and RNA-protein remodeling complexes are hypothesized to maintain a dynamic exchange between the stable core and phase-separated shell of the stress granule. This energy-dependent remodeling of the stable core may be critical to limiting the formation of extensive amyloid-like fibers by IDRs on RNA-binding proteins, which could be toxic (Kim et al., 2013; Li et al., 2013; Ramaswami et al., 2013) . During stress recovery, the resumption of translation and continued disassembly of stress granules by various ATPases would lead to components dissipating. An interesting implication of most ATPase machines affecting only assembly or disassembly is that granule assembly and disassembly may be distinct and different processes, which can now be elucidated by understanding the specific roles of different remodeling complexes in stress granule dynamics.
EXPERIMENTAL PROCEDURES
Yeast and U-2 OS Growth Conditions and Reagents Yeast strains and plasmids are described in Table  S4 . Standard methods for yeast for growth, manipulation, and microscopy were used and are described in detail in the Supplemental Experimental Procedures. Standard methods were used for the growth and microscopy of U-2 OS cells. Antibodies used for immunofluorescence and siRNAs used for knockdowns are given in Table S4 .
Purification of Stress Granule Cores
Detailed protocols for purification of yeast and mammalian stress granule cores are provided in the Supplemental Experimental Procedures. In brief, cells were grown and lysed, and multiple differential centrifugation spins were used to create a ''stress granule core enriched fraction'' from which stress granule cores were affinity purified using antibodies and Dynabeads. Purified stress granule cores were then analyzed by mass spectroscopy to identify protein components (seeSupplemental Experimental Procedures for details).
2DG and CCCP Treatment and FRAP Analysis U-2 OS cells were grown in 96-well plates. At times indicated, media was replaced with media containing 0.5 mM NaAsO 2 , 200 mM 2DG, 100 mM CCCP or 0.5 mM NaAsO 2 , 200 mM 2DG, and 100 mM CCCP for the times indicated in Figure 5 . Cells were imaged using a Nikon AR1 LSM confocal microscope. For time-lapse images, cells were fixed at time points given in Figure 5 , as described in Buchan et al. (2013) (these images were taken using the Deltavision). FRAP experiments were done as follows: bleach areas, approximately the size of granule ($2 mm), were determined. Images were taken every 5 s during recovery. Mean intensity within similar-sized areas was determined at each time point using ImageJ (I t ). Mean intensity within a different part of the cytoplasm was also measured (I Bt ) to correct for bleaching during image acquisition. Corrected mean intensity at each time point was determined by taking the ratio: I t /I Bt . Curve for exponential recovery was determined using MATLAB.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, four tables, and three movies and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2015.12.038.
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